We extend the scalar sector of the neutrinophilic two Higgs doublet model, where small masses of Dirac neutrinos are obtained via a small vacuum expectation value v ν of the neutrinophilic SU(2) Ldoublet scalar field which has a Yukawa interaction with only right-handed neutrinos. A global U(1) X symmetry is used for the neutrinophilic nature of the second SU(2) L -doublet scalar field and also for eliminating Majorana mass terms of neutrinos. By virtue of an appropriate assignment of the U(1) X -charges to new particles, our model has an unbroken Z 2 symmetry, under which the lightest Z 2 -odd scalar boson can be a dark matter candidate. In our model, v ν is generated by the one-loop diagram to which Z 2 -odd particles contribute. We briefly discuss a possible signature of our model at the LHC.
I. INTRODUCTION
It has been well established that neutrinos have nonzero masses as shown in the neutrino oscillation measurements [1] [2] [3] [4] [5] [6] although they are massless particles in the standard model (SM) of particle physics. Since the scale of neutrino masses is much different from that of the other fermion masses, they might be generated by a different mechanism from the one for the other fermions. Usually, the possibility that neutrinos are Majorana fermions is utilized as a characteristic feature of the neutrino masses. The most popular example is the seesaw mechanism [7] where very heavy right-handed Majorana neutrinos are introduced.
However, lepton number violation which is caused by masses of the Majorana neutrinos has not been discovered. Thus it is worth considering the possibility that neutrinos are not Majorana fermions but Dirac fermions similarly to charged fermions.
The neutrinophilic two Higgs doublet model (νTHDM) is a new physics model where neutrinos are regarded as Dirac fermions. The second SU(2) L -doublet scalar field which couples only with right-handed neutrinos ν R was first introduced in Ref. [8] for Majorana neutrinos. Phenomenology in the model of Majorana neutrinos is discussed in Ref. [9] . The neutrinophilic doublet field is also utilized for Dirac neutrinos [10] where a spontaneously broken Z 2 parity is introduced in order to achieve the neutrinophilic property. Smallness of neutrino masses are explained by a tiny vacuum expectation value (VEV) of the neutrinophilic scalar without extremely small Yukawa coupling constant for neutrinos. Instead of the Z 2 parity, the model in Ref. [11] uses a global U(1) X symmetry that is softly broken in the scalar potential. The U(1) X symmetry forbids Majorana mass terms of ν R , and then neutrinos are Dirac fermions 1 . We refer to the model in Ref. [11] as the νTHDM.
The new particle which was discovered at the LHC [12, 13] is likely to be the SM Higgs boson [14] [15] [16] [17] . It opens the new era of probing the origin of particle masses. Then it would be a natural desire to expect that the origin of neutrino masses are also uncovered. If the neutrinophilic scalars in the νTHDM exist within the experimentally accessible energy scale (namely the TeV-scale), decays of the neutrinophilic charged scalar into leptons can provide direct information on the neutrino mass matrix because it is proportional to the matrix of new Yukawa coupling constants for the neutrinophilic scalar field [11, 18] . In such a case, the smallness of a new VEV which is relevant to Dirac neutrino masses is interpreted by the smallness of a soft-breaking parameter of the global U(1) X symmetry. It seems then better to have a suppression mechanism for the soft-breaking parameter by extending the νTHDM with TeV scale particles including a dark matter candidate. The existence of dark matter has also been established in cosmological observations [19, 20] , and it is an important guideline for constructing new physics models.
The reason why the neutrino masses are tiny can be explained by a mechanism that the interaction of neutrinos with the SM Higgs boson is generated via a loop diagram involving a dark matter candidate in the loop while the interaction is forbidden at the tree level [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] .
Notice that smallness of neutrino masses in such radiative mechanisms does not require new particles to be very heavy. Similarly, if neutrino masses arise from a new VEV, smallness of neutrino masses can be explained by assuming that the VEV is generated at the loop level by utilizing a dark matter candidate [31] . In this paper, we extend the νTHDM such that the new VEV is generated at the one-loop level where a dark matter candidate is involved in the loop.
This paper is organized as follows. We briefly introduce the νTHDM in Sec. II. The νTHDM is extended in Sec. III such that a small VEV is generated via the one-loop diagram which involving a dark matter candidate in the loop. Section IV is devoted to discussion on phenomenology in the extended νTHDM. We conclude in Sec. V.
II. NEUTRINOPHILIC TWO-HIGGS-DOUBLET MODEL
In the νTHDM, the SM is extended with the second SU(2) L -doublet scalar field Φ ν which has a hypercharge Y = 1/2 and right-handed neutrinos ν iR (i = 1-3) which are singlet fields under the SM gauge group. A global U(1) X symmetry is introduced, under which Φ ν and ν iR have the same nonzero charge while the SM particles have no charge. Then, the Yukawa interaction with Φ ν is only the following one:
where ℓ(= e, µ, τ ) denotes the lepton flavor and σ i (i = 1-3) are the Pauli matrices. Since
Majorana mass terms (ν iR ) c ν iR are forbidden by the U(1) X symmetry, there appears an accidental conservation of the lepton number where lepton numbers of Φ ν and ν iR are 0 and is an integer, a Z 2 symmetry remains unbroken after the U(1) X breaking. Here, η and s 0 2 are Z 2 -odd particles. The Z 2 symmetry stabilizes the lightest Z 2 -odd particle which can be a dark matter candidate.
The Yukawa interaction in this model is identical to those in the νTHDM (see Eq. (1)).
The scalar potential in this model is expressed as
Only the relevant parts to our discussion are presented in Eq. 
ν Φ] with respect to µ, λ sΦ1η , and λ sΦ2η .
The Z 2 -odd scalar fields (η and s 
where
Ignoring loop corrections to terms which exist at the tree-level, we finally arrive at
where m 
IV. PHENOMENOLOGY
Hereafter, we take the following values of parameters as an example:
These values can satisfy constraints from the ρ parameter, searches of lepton flavor violating processes, the relic abundance of dark matter, and direct searches for dark matter. In order to satisfy ρ ≃ 1, particles which come from an SU(2) multiplet have a common mass. If BR(µ → eγ) < 5.7 × 10 −13 at the 90 % confidence level.
A. Dark Matter
We assume that the mixing between s 0 2 and η 0 is negligible for simplicity, which corresponds to the case λ sΦ1η ≪ 1. Then, the dark matter candidate H is similar to the real singlet dark matter in Ref. [35] . Experimental constraints on the singlet dark matter can be found e.g. in Ref. [36] . On the other hand, when H 0 1 ≃ η 0 r , the dark matter is similar to the one in the so-called inert doublet model [37, 38] . See e.g. Refs. [39, 40] for experimental constraints on the inert doublet model. In order to suppress the scattering of H Since the mass difference for the inert doublet is generated by λ sΦ1η , we see λ sΦ1η 10
which can be consistent with our simplification of λ sΦ1η ≪ 1.
Since we discuss in the next subsection a possible collider signature where H 
B. Collider
In the νTHDM as well as in our model, the neutrino mass matrix m ν is simply proportional to y ν . The flavor structure of H + ν → ℓ L ν R (summed over the neutrinos) is predicted [11] by using current information on m ν obtained by neutrino oscillation measurements. The prediction enables the νTHDM to be tested at collider experiments. Since this advantage should not be spoiled,
The process in Fig. 2 would be a characteristic collider signature of our model. Notice that the process utilizes two coupling constants (λ sΦ1η and λ sΦ2η ) which appear also in Fig. 1 . Thus, the process indicates that µ 2 Φ12 Φ † ν Φ is radiatively generated with a contribution of dark matter. In the original νTHDM in comparison, H If Nature chooses a parameter set for which the process in Fig. 2 is not possible, the deviation from the νTHDM would be the increase of new scalar particles which might be discovered directly and/or change predictions in the νTHDM about e.g. h 0 → γγ.
V. CONCLUSIONS AND DISCUSSION
The νTHDM is a new physics model where masses of Dirac neutrinos are generated by a VEV (v ν ) of the second SU(2) L -doublet scalar field Φ ν which has a Yukawa interaction with only ν R because of a global U(1) X symmetry in the Lagrangian. We have presented a simple extension of the νTHDM by introducing the third SU(2) L -doublet scalar field η and two neutral SU(2) L singlet fields (s is the key to generate v ν .
Masses of Scalar Bosons
Scalar fields are decomposed as follows:
). We ignore v ν in the following formulae.
The mass matrix for (s 
Notice that the difference between M 
while mass eigenstates (H 
The mass eigenstate H ± of Z 2 -odd charged scalar boson is identical to η ± :
